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Abstract: The migration and distribution of lubricant oil in a rolling bearing strongly affect the elastohydrodynamic
lubrication performance between the balls and rings. However, oil re-lubrication is highly dependent on the
bearing design, which is different from the ball-on-disc model. This study directly observed the distribution of
the lubricant film in a custom-made model-bearing rig, with an outer ring replaced by a glass ring to allow full
optical access. The influence of the cage type and surface properties were presented. The physical origin of the
re-lubrication mechanism, including capillary flow and mechanical redistribution, was discussed.
Keywords: ball bearings; oil distribution; lubrication; cage

1

Introduction

Lubricating performance is intrinsically linked to the
stable and long-life operation of rolling bearings. The
inlet oil supply layer has been found to be one of the
most important factors that ensures a thick film at the
contact to separate the tribo-pair as it determines the
degree of starvation. Pioneer researchers have mainly
focused on the prediction of film thickness and the
replenishment mechanism under starvation conditions.
Wedeven et al. [1] experimentally determined the
relationship between the position of the inlet meniscus
and the film thickness reduction. Chevalier et al. [2]
assumed a layer of oil with a specific film thickness
in his numerical model to determine the film thickness
under starvation conditions, and then discussed the
influence of different inlet film shapes. Liang et al.
[3, 4] proved experimentally that the asymmetrical
inlet oil reservoir caused by centrifugal effects could
lead to partial starvation in the contact. Oil reflow
was the key to replenishing the inlet oil reservoir
and maintaining long-life lubrication. Chiu [5] first
explained that replenishment was driven by surface
tension and hindered by viscosity and speed. Jacod
* Corresponding author: He LIANG, E-mail: lianghe@bit.edu.cn

et al. [6] found that replenishment mainly occurred
near the contact driven by capillary forces. Other
factors, such as centrifugal effects [4], angled surface
velocities [7], wettability [8], and oil-air lubrication [9],
have also been discussed to enhance the understanding
of oil replenishment. All the above mentioned studies
were mainly based on a single ball-on-disc point
model.
In contrast to the established film thickness rules
applied to the ball-on-disc model, the lubrication in
a rolling bearing is less understood. In practice, the
lubrication inside a rolling bearing is quite different
from that of a single ball-on-disc model; hence, it
is difficult to directly apply single-point lubrication
theories to rolling bearings. Some studies have shown
that the oil distribution inside the bearing is not
uniform [10, 11], and oil replenishment driven by
surface tension rarely occurs in a rolling bearing [12].
Film formation in the contact is directly related to the
shape and thickness of the inlet supply oil layer,
which is apparently dependent on the bearing design,
including the bearing size, cage design, and number
of balls. The cage is an important component of bearings
used to isolate and guide the rolling elements. Some
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studies have shown that different cage clearance values
[13] and cage geometries [14, 15] can significantly
influence the migration and distribution of lubricating
oil inside the rolling bearing. Damiens et al. [13] studied
the effect of cage clearance on the lubricant supply
and elastohydrodynamic (EHL) film thickness in a
ball-on-disc device. They mounted a single cage pocket
on the ball, and showed that decreasing the cage
clearance could scrape and reduce the inlet film
in the case of oil lubrication as well as redistribute
the grease to increase the EHL film thickness. The
experimental results by Cann and Lubrecht [14]
showed that the cage design could have both positive
and negative effects on lubricant redistribution within
a bearing. In addition, grease could be over-rolled and
sheared to release oil in the cage pockets [16], whose
structure was changed and influenced film formation
at different speeds [17].
One of the most important factors that determine
the lubrication level in rolling bearings is the supply
of lubricant to the contact zone. If the oil distribution
in the bearings can be investigated directly, then
information can be obtained on inlet oil supply
conditions, thus providing lubrication conditions
in the contact. For this purpose, the migration and
distribution of oil in a model rolling element bearing
were observed using optical methods in this study.
The outer ring was replaced by a glass ring to provide
an optical window, while the oil was tagged with
a fluorescent dye. The influence of the cage design
on the supply of lubricant to the contact zone was
discussed to study the migration and distribution of
the lubricant film in ball bearings. The lubrication
distribution at low speeds was first investigated.
Therefore, the centrifugal effects were not considered.
As the majority of rolling bearings are lubricated
with grease, which is widely accepted to bleed oil
for lubrication, the study of oil lubrication presented
in this paper can also shed light on certain aspects
of the oil supply and replenishment mechanisms in
grease-lubricated bearings, thereby contributing to the
further development of the grease lubrication theory.

2

by a flat glass ring to allow the observation of the oil
distribution inside the ball bearing. The test bearing
was a commercial angular contact ball bearing 7014.
As the study focused on the influence of cages on
bearing lubrication, three different types of cages
were used: cylindrical cage, conical frustrum cage,
and asymmetrical cylindrical cage. The specific cage
parameters are listed in Table 1. Both the cylindrical
cage and conical frustum cage for tests 1 and 2 were
obtained from commercial bearings. The asymmetrical
cylindrical cage for test 3 was created by cutting a
portion of the cylindrical cage. An oleophobic coating
was applied to the outer surface of the cylindrical
cage for test 4. Figure 2 compares the dimensions

Fig. 1 A diagram of the test ball bearing and images taken from
the left view and front view.

Apparatus

A custom ball bearing rig was built and used in this
study, as shown in Fig. 1. The outer ring was replaced

Fig. 2 Dimensions of different cages used for a ball bearing:
(a) cylindrical cage and (b) conical frustum cage.
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Table 1 Shape and parameters of the tested cages.
Cage

Shape

Material

Number of pockets

Surface modification

Cylindrical cage

Polyamide 66

18

None

Conical frustum cage

Polyamide 66

18

None

Asymmetrical cylindrical cage

Polyamide 66

18

None

Cylindrical cage

Polyamide 66

18

With oleophobic
coating

of the different cages for a ball bearing. For the
cylindrical cage, the clearance between the cage and
the outer ring was 4.17 mm. For the conical frustum
cage, the clearance between the cage and the outer
ring changed along the bearing width. The narrowest
gap was 0.37 mm on the left side.
The ball bearing was loaded radially downward,
exerting a maximum Hertzian contact pressure of
1.47 GPa. The outer ring remained static, and the inner
ring rotated to drive the balls and cage at a room
temperature of 23 ± 2 °C. Quantitative lubricating oil
was injected into the bottom of the bearing to create
an oil supply bath. A synthetic oil with a viscosity
and surface tension of 539 mPa·s and 26.38 mN/m,
respectively, was used in all the tests. To observe the
oil distribution, the oil was tagged with a fluorescent
dye.

3
3.1

Results
Comparison of oil migration using two types of
commercial cages

Figure 3 shows the left and front views of the
migration of oil along with the running time for the
cylindrical cage, as seen in Fig. 1. The images in Fig. 3
were taken under the following conditions: inner
ring revolution of 5 rpm and oil supply of 4 mL and
were taken as the rotational speed of the inner ring
reached the target velocity of 5 rpm, and the moment
was set to 0 s. At the initial state, all the oil was at the
bottom oil supply bath, and no oil was distributed to
the other elements or places in the ball bearing. After
the bearing started to rotate, an elliptical oil reservoir

was formed between the balls and the static outer
ring at 0 s, as shown in Fig. 3. The oil reservoir moved
upward along the outer raceway, following the
revolving balls. The size of the oil reservoir at a fixed
position also increased with time, and then reversed
and began to decrease at 80 s. This may be attributed
to the insufficient oil supply at the bottom oil bath
as oil slowly migrated to other elements in the ball
bearing. An oil band also formed on the outer raceway
with a width similar to that of the neighboring oil
reservoir. As the outer ring was static, the oil in the
oil band should be transferred from the oil reservoir.
At 160 s, the oil reservoir shrank obviously, and the
oil dispersed on the cage could be distinguished as it
was mainly deposited between adjacent pockets.
To observe the oil distributed on the cage, 12 balls
were removed, and only six were left and evenly
placed along the circumferential direction, as shown
in Fig. 4. It can be observed that oil accumulated at
the rear edge of the pocket hole, indicating that the
pocket actually acted as a scraper. The scraped oil
flowed downward along the cage, slowly driven by
gravity. As the running time increased, the volume of
scraped oil also increased. Compared with the case
of 18 balls, the volume of oil on the cage was greater
while the oil reservoir was hardly seen near the
ball-outer ring contact when only six balls were left.
This indicates that the oil in the oil reservoir and on
the cage are actually in competition. The rear edge
of the pockets could inevitably scrape the oil from
the ball owing to gravity. The reduced oil carrying
capacity is due to the lack of balls that carry and
pump the oil upward, leading to the reduction of the
oil reservoir size.
www.Springer.com/journal/40544 | Friction
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Figure 5 shows the left and front views of the
migration of oil against the running time for the conical
frustum cage at 5 rpm and 4 mL of oil supply. It can
be seen in Fig. 5(a) that the variations in oil reservoir
size gradually increased and then decreased with
running time, similar to the trend in the cylindrical

cage test. A significant difference is that an oil string
appeared at the left end of the cage and climbed
together with the oil reservoir. When the oil string
connected with the oil reservoir, it created an
asymmetric elliptical oil reservoir, as seen at 20 and
40 s in Fig. 5(a). The oil string not only changed the

Fig. 3 Migration of oil against running time for the asymmetrical cylindrical cage (4 mL, 5 rpm).

Fig. 4 Oil distributed on the cylindrical cage in the ball bearing with six balls (4 mL, 5 rpm).

Fig. 5 Migration of oil against running time using a cylindrical cage (4 mL, 5 rpm).
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Friction 10(7): 1035–1045 (2022)
shape of the oil reservoir but also its size. At 40 s, the
size of the oil reservoir began to decrease significantly,
while the oil string remained long and thick. At 80
and 160 s, the oil reservoir shrank and was hardly
seen, while the oil string still existed. Comparing the
dimensions of the ball bearing in Fig. 2, we found
that the existence of the oil string on the left side was
due to the narrow gap between the outer ring and
the conical frustum cage. The strong capillary force in
the narrow gap caused the oil string to flow with the
revolution of the cage. The oil string was continuous,
while the oil reservoir formed by the outer ring and
the rolling balls was spaced for each ball, which made
it harder for oil to flow from one reservoir to another.
As most of the oil accumulated at the oil string, there
was much less oil in the reservoir or on the cage
surface for the ball bearings in the conical frustum
cage. Although the oil was sufficiently distributed
in the ball bearing in the form of an oil string, it was
difficult to lubricate the ball-ring contact. Thus, the
oil is not effective for lubrication.
3.2 Comparison of oil reservoir’s dimension for
different cages
The above experimental results suggest the existence
of competition for oil adhered to different elements or
different places; for example, oil in the oil reservoir or
oil on the cage. In the following test, a portion of the
cage was cut to obtain an asymmetrical cylindrical
cage, as shown in Table 1 and Fig. 6. The idea is to
reduce the oil adhered to the cage by reducing the
surface area of the cage, and to check whether more
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oil can accumulate in the oil reservoir by analyzing
the change in the oil reservoir size. A comparison of the
oil reservoirs for the two cages in Figs. 3 and 6 show
that the size of the oil reservoir for the asymmetrical
cylindrical cage is similar to that of the cylindrical
cage from 0 to 40 s; however, it was slightly larger
after 80 s. The comparison results suggest that cutting
the cage to reduce the surface area could help increase
the oil in the reservoir as well as the oil adhered to
the cage. As a result, more oil was left or flowed back
to the bottom oil bath and continuously supplied the
oil reservoir.
To further study the influence of cage type on
the size of the oil reservoir near the contact zone, a
dimensionless oil reservoir width (W) is defined as
follows:
W

w
D

(1)

where w is the maximum width of the oil reservoir,
and D is the diameter of the rolling ball. Figure 7
shows the change in W at top point of the ball bearing
with respect to running time. For all cage types, the
W at the top point of the ball bearing rapidly increased
and then slowly decreased until reached a stable state.
The W for the conical frustum cage was much smaller
than that for the cylindrical and asymmetrical
cylindrical cages. This was attributed to the oil string
that formed between the outer ring and the cage at
the large end. The W for the conical frustum cage was
the quickest to attain stability, and was maintained
at a small value of approximately 0.1. The W for the

Fig. 6 Migration of oil against running time for the conical frustum cage (4 mL, 5 rpm).
www.Springer.com/journal/40544 | Friction
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Fig. 7 Comparison of dimensionless oil reservoir width against
the running time for the three types of cages (4 mL, 5 rpm).

asymmetrical cylindrical cage was quite close to that
for the cylindrical cage. It increased gradually from 0
to 80 s, and then decreased slowly, resulting in a larger
oil reservoir compared with that of the cylindrical
cage after 80 s. The results confirmed the competition

for oil in ball bearings. Cutting a portion of the cage
could help maintain the oil concentration at the oil
reservoir to re-lubricate the ball-ring contact to some
extent. However, the oil carrying capacity decreased,
leading to a slower rise in W for the asymmetrical
cylindrical cage.
Another comparison test was designed to apply an
oleophobic coating to the surface of the cylindrical
cages. The contact angles were tested for both cages,
as shown in Fig. 8. The contact angle on the cylindrical
cage was 31.9°, which increased to 51.2° with the
application of oleophobic coating.
Figure 9 shows the left view of the oil distribution
in the ball bearing using a cylindrical cage with and
without oleophobic coating. The conditions were
5 rpm and an oil supply of 7 mL. From the initial
time to 60 s, the size of the oil reservoirs did not
show a significant difference between the two cages.

Fig. 8 Measured contact angle on the cylindrical cage without and with oleophobic coating.

Fig. 9 Comparison of oil distribution in the ball bearing using a cylindrical cage: (a) without and (b) with oleophobic coating (7 mL, 5 rpm).
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However, it gradually increased for the oleophobiccoated cage from 60 to 240 s. It can be seen that
before the oleophobic coating was applied, there was
abundant oil adhering to the surface of the cage, which
was clearly seen after 120 s. After the oleophobic
coating was applied, oil was still deposited on the
surface of the cage as the oil supply was sufficient;
however, more oil was accumulated between pockets
with a narrower width than the diameter of the pocket
hole. The test results show that reducing the oil in the
cage effectively increased the oil volume near the ballouter ring contact, which is beneficial for improving
the lubrication performance between the ball-outer
ring contact.
Figure 10 compares the W at the top point in the
ball bearing for the cylindrical cage with and without
the oleophobic coating. The rising region for the two
cages acted similarly as the curve overlapped with
each other from the initial time to 50 s. However, the
W for the uncoated cage immediately decreased
after it reached the maximum value, and achieved a
stable state with a very small oil reservoir. The W with
oleophobic coating could remain at the top platform
for another 40 s and then started to decrease. This
resulted in a much larger oil reservoir for the cylindrical
cage with an oleophobic coating.
3.3 Distribution of oil reservoir influenced by
different cages
Figure 11 shows the typical shapes of an oil reservoir
near the ball-outer ring contact formed for different

Fig. 10 Comparison of dimensionless width of oil reservoir against
running time using cylindrical cages without and with oleophobic
coating (7 mL, 5 rpm).
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Fig. 11 Typical distribution of oil in the ball bearing using
different types of cages.

types of cages under three conditions (from the left
view). At 4 mL and 5 rpm, the oil reservoirs for both
the cylindrical and asymmetrical cylindrical cages
were elliptical. Owing to the sufficient accumulation
of lubricating oil on the large side of the conical
frustum cage, the oil reservoir was connected to the
oil string; therefore, the adjacent oil reservoirs were
also connected through the oil string. When the oil
supply increased from 4 to 7 mL, and the rotational
speed of the inner ring was maintained at 5 rpm, an oil
strip appeared connecting the adjacent oil reservoir
for the cylindrical and asymmetrical cylindrical cages.
The oil strip could move by following the revolution of
the oil reservoir and replenish the oil reservoir. When
the rotational speed increased from 5 to 15 rpm at
7 mL, the oil reservoir diverged at the outlet zone
and formed a typical butterfly shape for the cylindrical
cage. The oil reservoir for the cylindrical cage remained
symmetrical at all oil supply and rotational speeds.
For the asymmetrical cylindrical cage whose right
side was cut, the oil reservoir was asymmetric, as there
www.Springer.com/journal/40544 | Friction
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was an oil strip connecting the adjacent oil reservoir
only on the left side and not on the right side. This
indicates that there was more oil on the left than on
the right side. For the conical frustum cage, the oil
reservoir showed a similar shape, but always had a
tail connecting the oil string on the left side. The oil
reservoir using the conical frustum cage showed a
large volume; however, the inlet distance (i.e., the
distance from the inlet meniscus to the center of the
Hertzian contact along the middle cross-section) was
less than that of the elliptical oil reservoir using the
other two cages. These results show that the cage
had the ability to redistribute the oil deposited in
the ball bearing.

Fig. 12 Oil distribution for the conical frustum cage at 10 rpm
for oil supplies ranging from 1 to 7 mL.

4 Discussion
4.1

Competition of lubrication oil in a ball bearing

It is easy to determine whether there is competition
for the oil on different elements in a ball bearing. If
the oil on the cage is reduced, then the oil in the oil
reservoir can be replenished. The experimental results
show that there are two main forms of oil on the cage,
which can hardly replenish the oil reservoir. On one
hand, the oil is widely spread on the surface of the
polymer cage, especially near the rear edge of the
pocket. On the other hand, oil could accumulate in
the small gap that formed between the outer ring
and the cage, as shown in Fig. 5. It can be reasonably
expected that oil could also accumulate in the small
gap between the inner groove and the cage, although
this was not directly observed in our tests. Figure 12
shows the left view of the oil distribution in the
conical frustum cage for three different amounts of oil
supplied. The images in Fig. 12 were taken at 10 rpm
after running for 30 s. The left oil string gradually grew
against the oil supply; however, the size of the oil
reservoir did not show a distinct increase. This implies
that most of the oil accumulated in the continuous oil
string and increasing the oil supply did not increase
the oil reservoir.
Figure 13 compares the dimensions of the small gap
that formed between the conical frustum cage and
the outer ring at the large end, and the maximum oil
film thickness in the oil reservoir. The dimensions
of the gap were measured directly as 0.37 mm. The

Fig. 13 Maximum film thickness against the dimensionless width
of the oil reservoir for the conical frustum cage.

maximum oil film thickness in the oil reservoir was
calculated to be the same as the gap between the
outer ring and the rolling ball at the inlet meniscus.
Figure 13 shows that the maximum film thickness in
the oil reservoir increased with the dimensionless
width. When W was approximately 0.35, the maximum
film thickness was 0.37 mm, which is the value of the
gap between the outer ring and the conical frustum
cage at the left end. Compared with Fig. 7, it is
interesting to find that 0.35 was also the maximum
value of W that could be reached. Figure 7 shows the
W at the top point in the ball bearing, where the oil
reservoir diverged from the oil string on the left side,
as shown in Fig. 5. The oil reservoir could achieve a
dimensionless width larger than 0.35 at a lower point

| https://mc03.manuscriptcentral.com/friction
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if it was linked to the left oil string. The oil was driven
by capillary force, which was influenced by the gap
clearance. When the oil reservoir diverged from the
oil string, it resulted in a similar thickness for both
the oil string and the maximum film thickness in the
oil reservoir owing to the balanced capillary force.
4.2

Role of the cage pocket for lubrication

The results show that the cage has multiple effects on
lubrication. On one hand, the small clearance between
the ball and the pocket is a good place to store
lubricants, thus replenishing the oil on the ball. The
comparison tests of the asymmetrical cylindrical cage
showed that the oil carrying capacity slightly decreased
if a portion of the pocket was cut because the W
increased at a slightly slower rate than that of the
cylindrical cage against running time. The maximum
value of W was also slightly lower than that of the
cylindrical cage. In contrast, the rear edge of the pocket
acted as a scraper to redistribute the oil. Under the
force of gravity, the balls inevitably touched the
lower edge of the pocket. As a result, the oil on the ball
was first transferred to the cage, and then replenished
the next ball. This significantly reduced the oil on
the ball and may be beneficial for averaging the oil
for different balls.
4.3

Improvement for the oil supply to the ballouter ring contact

As lubrication of the contact between the ball and
the ring is quite important, it is worth modifying the
cage to obtain a more sufficient oil supply for the
ball-outer ring contact. A reasonable design of the
cage structure could help accumulate the oil near
the ball-ring contact. The gap between the large end
of the conical frustum cage and the outer ring is so
small that it attracts a large amount of oil, which
weakens the oil flow to the ball-ring contact region.
This paper sheds light on the modification of cages
for improved lubrication. One way is to optimize the
cage structure to prevent the small gap between the
cage and rings, or to narrow the cage width to reduce
its surface area. Another is to apply an oleophobic
coating on the surface of the cage, which also provides
a more effective lubrication for the ball-outer ring
contact.
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5

Conclusions

This study investigated the influence of different
cage shapes and surface properties on the migration
and distribution of lubricants based on a model ball
bearing. The oil reservoir formed between the rolling
balls and the outer ring, and the oil that adhered to
the cage and the outer ring was observed directly
by replacing the outer ring with a glass ring. The
conclusions are as follows:
1) The lubricating oil on different bearing elements
in a ball bearing is the result of oil competition.
2) The efficient re-lubrication for the ball-outer ring
contact is significantly influenced by the cage shape
and cage surface properties. The ineffective oil on the
cage can be reduced by changing the cage geometry
from a conical frustum cage to a cylindrical cage,
reducing the width of the cage, and applying an
oleophobic coating, to increase the oil supply for the
ball-outer ring contact.
3) The cage pocket has a dual effect on oil
re-lubrication for the ball-outer ring contact. The
microgap between the ball and cage pocket is important
for oil storage owing to the capillary force. The cage
pocket also acts as a scraper to reduce oil on the ball.
The reasonable design of the clearance between the
cage pockets and balls can enhance the capillary force
and control the migration ability of the lubricant.
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